1. Introduction {#sec1-micromachines-11-00153}
===============

Over the past years, there has been an enormous interest in the research and development of semiconducting nanostructures due to their potential in the application and in electronic devices as well as in the sensor field \[[@B1-micromachines-11-00153],[@B2-micromachines-11-00153],[@B3-micromachines-11-00153],[@B4-micromachines-11-00153],[@B5-micromachines-11-00153]\]. Chemical sensors based on semiconductor nanostructures are expected to have a significantly enhanced performance compared to thin films, due to their high surface-volume ratio. They are expected to be more stable and sensitive \[[@B6-micromachines-11-00153]\]. It would also reduce the response and recovery time. Consequently, semiconducting oxides such as ZnO, ln~2~O~3~ and SnO~2~ have been synthesized into many nanostructures such as one-dimensional (1D) nanowires, and they have also been combined as nanodevices and/or sensors \[[@B7-micromachines-11-00153],[@B8-micromachines-11-00153],[@B9-micromachines-11-00153]\]. The nanostructures can be synthesized by several methods such as PVD, laser ablation, chemical vapor deposition, electrochemical deposition, thermal evaporation and gas-deposition \[[@B10-micromachines-11-00153],[@B11-micromachines-11-00153],[@B12-micromachines-11-00153],[@B13-micromachines-11-00153],[@B14-micromachines-11-00153],[@B15-micromachines-11-00153],[@B16-micromachines-11-00153],[@B17-micromachines-11-00153]\]. Oxides have two major characteristics: multiple valence ions and anion defects. Any change will change the proportion of electrons and holes, which will affect the properties of oxides such as light, electricity and magnetism. Therefore, the adjustment of the process parameters can produce the different materials required for various components. These oxides have been recognized as smart materials or functional materials \[[@B18-micromachines-11-00153]\]. One-dimensional (1D) metal oxide nanostructure-based sensing devices are of great importance for significantly improving the performance of sensors built using thin-film technology. Due to the excellent physical and chemical properties resulting from their reduced sizes, 1D metal oxide nanostructures like nanowires have been regarded as promising candidates for use as sensing units, and they have drawn much attention recently \[[@B19-micromachines-11-00153],[@B20-micromachines-11-00153],[@B21-micromachines-11-00153],[@B22-micromachines-11-00153]\]. We wanted to use an anodic aluminum oxide (AAO) template for synthesizing one-dimensional nanowires because the AAO template has straight 1D porous channels \[[@B23-micromachines-11-00153],[@B24-micromachines-11-00153]\]. We then used the AAO template to prepare SnO one-dimensional nanowires by electrochemical deposition.

Stannous oxide (SnO) is a tetragonal lattice p-type semiconductor with a good drift rate and high transmittance because SnO is a p-type, wide energy gap (*E*~g~\~3.5 eV) semiconductor \[[@B25-micromachines-11-00153],[@B26-micromachines-11-00153]\]. The crystal structure of the stannous oxide is the orthorhombic system structure. Four oxygen atoms are centered on the tin and two tin centers are centered on oxygen. It is different from general semiconductor materials. The stannous oxide nanowires have broad application potential, and the stannous oxide thin film light transmittance in the visible light region (400--800 nm) can reach 86% or more \[[@B27-micromachines-11-00153],[@B28-micromachines-11-00153],[@B29-micromachines-11-00153]\]. It thus has a high visible light range transmittance and it can realize low power, high-performance complementary circuits and can provide better performance in organic light-emitting diodes (OLEDs). Compared to thin-film transistors, the nanowires transistors exhibit five times higher mobility and one order of magnitude lower subthreshold swing. SnO nanowires are smaller than Cu~2~O nanowires and their threshold voltages are lower than those of SnO thin films \[[@B30-micromachines-11-00153]\]. Gas sensors based on nanowires have been demonstrated to be excellent candidates for ultrahigh sensitivity due to their high surface-to-volume ratio. A large surface-to-volume ratio means that a significant fraction of atoms (or molecules) are in a great quantity on the surface. Therefore, the reaction between target gas and reactive chemical species on the surface can occur more readily. Some previous studies have proved that template-based assembly was an easy and versatile way to obtain uniform and ordered nanoscale structured films \[[@B23-micromachines-11-00153],[@B24-micromachines-11-00153]\]. Anodic alumina (AAO) template has coordinate orifices whose length is from 1 to 100 µm and diameters range from 10 to 200 nm, depending on the process conditions. Our previous studies reported the synthesis of fabricated nanometer-sized wires of various materials \[[@B31-micromachines-11-00153],[@B32-micromachines-11-00153],[@B33-micromachines-11-00153]\]. In this work, we describe the synthesis of a novel 20 nm SnO nanowires (p-type wide-gap semiconductor) based on AAO using electrodeposition and oxidization methods. We consider that the SnO nanowires may prove useful for gas sensors in the future.

2. Synthesis Procedure and Methods {#sec2-micromachines-11-00153}
==================================

In this study, we use an AAO template to electroplate Sn nanowires by electrochemical deposition. After electroplating, we put the Sn nanowires template into a high-temperature vacuum furnace for oxidation to obtain SnO nanowires.

2.1. Synthesizing Procedure of AAO Template {#sec2dot1-micromachines-11-00153}
-------------------------------------------

First, the aluminum surface is anodized using a constant potential in a sulfuric acid electrolyte. An AAO template with a nanoporous structure is initially formed. We used a mixed solution of chromic acid and phosphoric acid to remove part of the oxide layer, followed by a second anodization under the same conditions as the first anodization. We can thus get a highly identical AAO template on the aluminum surface. The aluminum substrate was dissolved by HgCl~2~. Finally, the pore size of the AAO template was increased using phosphoric acid etching \[[@B31-micromachines-11-00153],[@B32-micromachines-11-00153],[@B33-micromachines-11-00153]\]. The synthesis procedure for preparing the AAO template is shown in [Figure 1](#micromachines-11-00153-f001){ref-type="fig"}.

2.2. Synthesizing Procedure of SnO Nanowires {#sec2dot2-micromachines-11-00153}
--------------------------------------------

In this part, we used electrochemical deposition to get Sn nanowires. The AAO film is an insulator material, so we need the AAO template to have a metal electrode layer for electrochemical deposition. We used a sputtering machine to sputtering a dense and thick metal electrode layer of Pt (about 400 nm). Such a thick Pt layer is enough to provide a good conductive electrode. Furthermore, the plating liquid is an acidic liquid, so we need a layer of Pt electrode layer with good conductivity and not corroded by acidic liquids. We used stannous chloride (SnCl~2~) and boric acid (H~3~BO~3~) for the Sn nanowire electrochemical deposition. The AC and DC plating voltage cause electrochemical deposition, and we can get Sn nanowires in the AAO template. After electrochemical deposition, we put the AAO template to a high-temperature annealing furnace for annealing, then we removed the AAO template.

We can get a sample of SnO nanowires fixed on the platinum electrode layer. In order to detach the SnO nanowires from the platinum electrode layer we put the sample in alcohol and separate the Pt electrode layer using an ultrasonic oscillator. The schematic representation of the SnO nanowires synthesis procedure is shown in [Figure 2](#micromachines-11-00153-f002){ref-type="fig"}. After filtering out the Pt electrode layer in alcohol, we can obtain isolated SnO nanowires.

2.3. A Gas-Sensor and Equipment for Sensing CO~2~ {#sec2dot3-micromachines-11-00153}
-------------------------------------------------

In this part, we dropped the obtained SnO nanowires on the platinum interdigitated electrode sensing element, put it into a vacuum cavity, and then evacuate the cavity to 1.2 × 10^−2^ torr. [Figure 3](#micromachines-11-00153-f003){ref-type="fig"} shows the equipment for sensing CO~2~. We measured the resistance of the sample with a pulsed DC power supply (2410 DC, KEITHLEY, Solon, Ohio, USA). We put CO~2~ into the vacuum chamber for 10 min. We observed the change of the resistance value and we evacuated the vacuum chamber again. After testing three times, we measured the change of the resistance value. We used a range of testing values.

3. Results {#sec3-micromachines-11-00153}
==========

About the results, we observed the AAO template by using FE-SEM. Each channel in the AAO template was clearly observed. The length of the channels and pore size were also estimated. The formation of SnO nanowires was carried out by electrochemical deposition and an oxidization method on the alumina nanoporous template prepared in the first part by sputtering a layer of platinum (Pt) on the back of the alumina template.

3.1. Synthesizing the AAO Template {#sec3dot1-micromachines-11-00153}
----------------------------------

In the first part, the AAO template was formed in five steps. The first and second steps involved the anode treatment with 2.6 wt % sulfuric acid at 5°C and phosphoric acid with chromic acid at a temperature of 60°C for 6 h for forming the AAO template. The third and fourth steps used mercury chloride at room temperature and phosphoric acid at a temperature of 30 °C for an optimal time for completing the AAO template. In the final step, we wanted to obtain a completely through channel in the alumina template. We dipped the AAO template in phosphoric acid at a temperature of 30°C for different times. [Figure 4](#micromachines-11-00153-f004){ref-type="fig"} shows the top view of the AAO templates obtained by dipping in a phosphoric acid solution for different times. In [Figure 4](#micromachines-11-00153-f004){ref-type="fig"}a, no holes are observed in the top view of the surface of the AAO template after the template was dipped in a phosphoric acid solution for 15 min. In [Figure 4](#micromachines-11-00153-f004){ref-type="fig"}b, showing the AAO template after it was dipped in a phosphoric acid solution for 19 min, we observe some holes on the surface of the AAO template with a hole size around 10--20 nm. These holes had a chance to form many different channels. In [Figure 4](#micromachines-11-00153-f004){ref-type="fig"}c, which shows the AAO template that was dipped in a phosphoric acid solution for 20 min, we observe many holes on the surface of the AAO template with an average size around 20--25 nm. In the result showed that the AAO template was dipped in a phosphoric acid solution for 20 min. In [Figure 4](#micromachines-11-00153-f004){ref-type="fig"}d, we observe many holes on the surface of the AAO template with the average size around 30--40 nm. This result was obtained when the AAO template was dipped in a phosphoric acid solution for 25 min. According to the abovementioned descriptions, we determined the optimal time for dipping the AAO template in a phosphoric acid solution was 20 min. We used this AAO template obtained by dipping the AAO template in a phosphoric acid solution for 20 min to get thinner nanowires.

We also observed the AAO template with a tubular-like structure in the cross-section of the alumina film firstly. The cross-section of the AAO template is seen clearly in [Figure 4](#micromachines-11-00153-f004){ref-type="fig"}e. Each of the channels was around 20 to 22 μm in length. We choose the AAO template which was shown to form a pore size of around 20 nm. The top view of this AAO template is shown in [Figure 4](#micromachines-11-00153-f004){ref-type="fig"}f.

3.2. Synthesizing the SnO Nanowires {#sec3dot2-micromachines-11-00153}
-----------------------------------

The formation of SnO nanowires was carried out by electrochemical deposition and an oxidization method on an alumina nanoporous template. We prepared the AAO template in the second part by sputtering a layer of platinum on the back of the alumina template as seen in [Figure 5](#micromachines-11-00153-f005){ref-type="fig"}a.

In the second part of the electrochemical deposition method, we electrodeposited Sn nanowires in the AAO template by using a plating solution. The plating solution was mixed 0.01 M SnCl~2~ and 0.05 M H~3~BO~3~. The plating conditions were AC 10 V and DC 4 V. We filled the Sn material in the AAO template by using electrochemical deposition. The AAO template is also shown clearly in the cross-section in [Figure 5](#micromachines-11-00153-f005){ref-type="fig"}b. We observed that the widths of each of the nanowires in [Figure 5](#micromachines-11-00153-f005){ref-type="fig"}b was around 20 nm. After electrodepositing the Sn material in the AAO template, we put the AAO template in vacuum-sealed glass ampoules at 500 °C for 4 h. After annealing the AAO template, we put the AAO template in 0.3 M NaOH for 15 min. A nanowire having a diameter of \< 20 nm was produced. The cross-section of the nanowires is shown clearly in [Figure 5](#micromachines-11-00153-f005){ref-type="fig"}c. We observed that the widths of each of the nanowires in [Figure 5](#micromachines-11-00153-f005){ref-type="fig"}c was less than 20 nm. We also observed that the length of many of the nanowires in [Figure 5](#micromachines-11-00153-f005){ref-type="fig"}d was over 1 μm.

3.3. Analysis of the SnO Nanowires {#sec3dot3-micromachines-11-00153}
----------------------------------

We analyzed the SnO nanowires by using their EDS spectrum and XRD patterns. [Figure 6](#micromachines-11-00153-f006){ref-type="fig"} shows the XRD patterns and EDS spectrum of the SnO films synthesized by annealing the AAO temple with Sn at 500 °C for 4 h.

[Figure 6](#micromachines-11-00153-f006){ref-type="fig"}a shows the EDS spectrum after oxidizing the Sn nanowires. In this EDS spectrum the atomic percentages of Sn and O were shown to be 34.06% and 35.76%, respectively. The molar ratio was around 1:1. [Figure 6](#micromachines-11-00153-f006){ref-type="fig"}b shows the XRD of a SnO nanowires cluster after oxidizing at 500 °C for 4 h. The SnO nanowires in [Figure 6](#micromachines-11-00153-f006){ref-type="fig"}b were identical to the in situ sample (JCPDS 85-0712). We also observed the SnO nanowires by HR-TEM. A HR-TEM image of an isolated single SnO nanowire is shown in [Figure 6](#micromachines-11-00153-f006){ref-type="fig"}c. A SnO nanowires cluster is shown in [Figure 6](#micromachines-11-00153-f006){ref-type="fig"}d.

3.4. Sensing the CO~2~ by Using the SnO Nanowires {#sec3dot4-micromachines-11-00153}
-------------------------------------------------

We dropped alcohol with SnO nanowires on a platinum interdigitated electrode for a testing sample. We put the sample of the interdigitated electrode sensing element in a vacuum chamber, and we measured the resistance change of the sample in a vacuum environment at room temperature \[[@B34-micromachines-11-00153]\]. We wanted to eliminate the impact of the general atmosphere. We also let the component be in direct contact with the test gas. The test gases were mixed air and carbon dioxide gas (5000 ppm). We set up the test environment to reach a pressure of 1.2 × 10^−2^ torr firstly. We used a mass flow controller (MFC, PROTEC PC-540, Junsun, Taipei, Taiwan) to release the gas flow in at a pressure of 2.1 × 10^−1^ torr.

As shown in [Figure 7](#micromachines-11-00153-f007){ref-type="fig"}, the measurement was performed using SnO nanowires which reacted with the air and carbon dioxide. We observed the test value of [Figure 7](#micromachines-11-00153-f007){ref-type="fig"} for testing the gas sensor. The change rate of resistance in CO~2~ in [Figure 7](#micromachines-11-00153-f007){ref-type="fig"} was 49%.

We show [Table 1](#micromachines-11-00153-t001){ref-type="table"} for comparison of the CO~2~ sensing properties of our proposed device with reported work. Willa et al. reported that a simple strategy achieved an enhancement of the electrical properties required for the utilization of PILs-based CO~2~ sensors \[[@B35-micromachines-11-00153]\]. This concept can be easily extended to other electronic devices in the future. Srinives et al. reported that good sensing performance was observed upon exposing a PEI-PANI device to 50-5000 ppm CO~2~ in the presence of humidity with negligible interference from ammonia, carbon monoxide, methane and nitrogen dioxide \[[@B36-micromachines-11-00153]\]. Hafiz et al. reported an ambient CO~2~ chemiresistor platform based on a nanoporous electrically conducting two dimensional metal−organic framework (2D MOF) \[[@B37-micromachines-11-00153]\]. This CO~2~ sensor can improve upon previous materials and approaches because of its selective sensing of CO~2~ under ambient conditions, where relative humidity (RH) and other atmospheric contaminants exist. Star et al. reported that carbon nanotube field-effect transistors (NTFETs) coated with poly (ethyleneimine) (PEI) and starch polymers exhibit electrical conductance changes upon exposure to CO~2~ gas in air at ambient temperature \[[@B38-micromachines-11-00153]\]. We present SnO nanowires which are a kind of p-type semiconductor for sensing CO~2~ gas in air at ambient temperature.

4. Conclusions {#sec4-micromachines-11-00153}
==============

By ujsing AC/DC to get Sn nanowires via an AAO template, AC can prevent excessive tin ions from blocking the AAO surface during electrochemical deposition to facilitate the formation of Sn nanowires. AC 10 V/DC 4 V is used to form Sn nanowires. Sn nanowires are annealed at a high temperature (500°C) to transform them into SnO nanowires. The as-obtained products were examined using diverse techniques including X-ray powder diffraction (XRD), field-emission scanning electron microscopy (FE-SEM) and high-resolution TEM. The results indicate that the SnO nanowires have a tetragonal structure. The SnO nanowire structures have a diameter of \< 20 nm and lengths of 10--20 μm. These SnO nanowires could be used for electronic nanodevices and/or sensors like gas sensors in the future.
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![Schematic representation of the synthesizing procedure for preparing the AAO template.](micromachines-11-00153-g001){#micromachines-11-00153-f001}

![Schematic representation of the synthesizing procedure of SnO nanowires.](micromachines-11-00153-g002){#micromachines-11-00153-f002}

![Schematic illustration of **a** gas sensor.](micromachines-11-00153-g003){#micromachines-11-00153-f003}

![SEM images by dipping the AAO template for the different time: (**a**) 15 min, (**b**) 19 min, (**c**) 20 min, (**d**) 25 min. (**e**) The cross-section of the AAO template. (**f**) The AAO template of form pore size around 20 nm.](micromachines-11-00153-g004){#micromachines-11-00153-f004}

![(**a**) FE-SEM image of the sectional view for sputtering a layer of platinum on the AAO template surface. (**b**) FE-SEM image of the electrodepositing the Sn material in the AAO template. (**c**) FE-SEM image of the cross-section of the SnO nanowires. (**d**) FE-SEM image of the top view of the SnO nanowires.](micromachines-11-00153-g005){#micromachines-11-00153-f005}

###### 

(**a**) Energy dispersive X-ray spectroscopy (EDS) of the SnO nanowires oxidized at 500 °C for 4 h; (**b**) XRD patterns of SnO nanowires on cluster oxidized at 500 °C for 4 h; (**c**) Transmission Electron Micrograph (TEM) images of single SnO nanowire and (**d**) SnO nanowires cluster.
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![The result was for sensing the CO~2~ by using SnO nanowires on the platinum interdigitated electrode sensing element.](micromachines-11-00153-g007){#micromachines-11-00153-f007}

micromachines-11-00153-t001_Table 1

###### 

Comparison of CO~2~ sensing properties with reported work.

  Materials                           T (°C)             Concentration (ppm)   Sensitivity (% ppm^−1^)   Response Time (min)   Ref.
  ----------------------------------- ------------------ --------------------- ------------------------- --------------------- -----------------------------------
  Poly- nanoparticle (ionic liquid)   Room temperature   150--2400             \~0.004                   35 min                \[[@B35-micromachines-11-00153]\]
  PEI-functionalized PANI film        Room temperature   50--5000              \~0.00714                 \>10 min              \[[@B36-micromachines-11-00153]\]
  Reduced graphene oxide              Room temperature   0--1500               0.0118                    4 min                 \[[@B37-micromachines-11-00153]\]
  PeI-starch-functionalized CNTs      Room temperature   0--1500               0.000101                  \~15 s (100%)         \[[@B38-micromachines-11-00153]\]
  SnO nanowire                        Room temperature   5000                  0.000098                  5 min                 this work
